This paper describes the isolation and characterization of a mutant of Escherichia coli that transports lactose and its analog thiomethylgalactoside via the arabinose permeation system. Unlike transport via the lactose permease, this transport is not inhibited by thiodigalactoside, but was inhibited by arabinose, xylose, and fucose. The site of the mutation was in the arabinose C gene and confers constitutivity on the entire arabinose operon. Furthermore, this transport was found in 24 independently isolated arabinose-constitutive strains, and in strains which had been induced with arabinose and then starved to remove all traces of it. It was therefore concluded that lactose and thiomethylgalactoside are low-affinity substrates of at least one component of the normal arabinose permeation system.
This paper describes the isolation and characterization of a mutant of Escherichia coli that transports lactose and its analog thiomethylgalactoside via the arabinose permeation system. Unlike transport via the lactose permease, this transport is not inhibited by thiodigalactoside, but was inhibited by arabinose, xylose, and fucose. The site of the mutation was in the arabinose C gene and confers constitutivity on the entire arabinose operon. Furthermore, this transport was found in 24 independently isolated arabinose-constitutive strains, and in strains which had been induced with arabinose and then starved to remove all traces of it. It was therefore concluded that lactose and thiomethylgalactoside are low-affinity substrates of at least one component of the normal arabinose permeation system.
The mechanism by which bacterial permeases interact with their substrates in the course of substrate transport remains poorly understood. It has been proposed in the case of the most thoroughly studied system, the lactose permease (1, 3, 4, 7) , that the binding site for an inhibitor substrate analog, thiodigalactoside (TDG), is distinct from the site for substrate binding. In the present study, as a test of this proposal, a mutant was sought in which lactose transport is not subject to TDG inhibition. Such mutants were sought among revertants from a y-strain. In the mutant studied, the genetic alteration was not as expected in the lactose permease nor were the properties consistent with any of the galactoside transport systems described by Rotman et al. (14) . On the basis of genetic and other experiments, it is concluded that lactose transport in this mutant in the presence of TDG is mediated by a totally distinct transport system, that for the pentose arabinose.
The arabinose operon ( Fig. 1 ) has been examined mainly as an example of a positive genetic control system, both in Escherichia coli B/r (5) and in E. coli K-12 (15) . Brown and Hogg (2) report that E. coli B/r has two active transport systems for arabinose, both under the control of araC. They have identified two genes, one associated with low-affinity uptake and the other with both high-affinity uptake and the arabinose binding protein. Schleif (15) Osmotic shock. The procedure of Heppel (9) Induction of the arabinose transport system in AM37. If the arabinose permease was responsible for the lactose and TMG permeation properties of AM37, the presence of the permease in the absence of any of its known inducers must be accounted for. A possibility tested below was that AM37 formed the arabinose permease constitutively.
(i) Growth tests. The possibility that AM37 was constitutive for the arabinose enzymes was tested by comparing growth on G-arabinose plus fucose of AM37 with that of its parent, AM7. Fucose is an anti-inducer of the arabinose system; therefore, only strains which synthesize the arabinose enzymes constitutively can grow on arabinose in the presence of fucose (5). AM37 had a doubling time of 70 min; AM7 showed no growth after 15 h.
(ii) Arabinose isomerase assay. AM37 had over four times the arabinose isomerase activity of AM7 when the strains were grown on glycerol, but about the same enzyme level when both strains were grown on arabinose. This difference for uninduced conditions is much smaller than normal, and seems to be due to very high values for basal levels as noted above. Despite the lower temperatures used here, AM37 showed 800 U of isomerase activity after growth on glycerol, which is among the highest values seen by Greenblatt and Schleif (8; personal communication) in a series of assays of inducible and 3 (which is isomerasenegative), also gave values in the range of 100 to 200 U, suggesting that the problem was in the assay rather than the strains.
Throughout this study, strains which appeared constitutive by the growth test on arabinose plus fucose (and which took up TMG constitutively) showed isomerase levels of three to five times those of inducible strains when all were grown without inducer. The strains included those arising spontaneously, after Nmethyl-N'-nitro-N-nitrosoguanidine or ethyl methane sulfonate mutagenesis and after transductions. The consistency of the correlations among strains with a variety of histories plus the high level of isomerase comparable to those noted in Greenblatt and Schleif (8) suggest that the low ratios seen are characteristic of full constitutives under these assay conditions.
(iii) Induction of TMG uptake by arabinose. When AM5 (y+) was grown on arabinose, only a small amount of TMG uptake could be observed. A portion (10 to 20%) of this uptake was not inhibitable by TDG (data not shown).
Co-transduction with araC and araA: (i) araC. To test the. likely hypothesis that the constitutive synthesis of the arabinose enzymes by AM37 is the result of a mutation at the locus (C) known to produce constitutivity for the arabinose operon, genetic studies were carried out. A P1 stock made from AM37 was used to transduce strain RFS 162 (F' C-/A lac A ara) to the ability to utilize arabinose. Since the C gene product was required for synthesis of arabinose utilization enzymes, RFS 162 would not grow on arabinose. Arabinose-positive transductants were tested for constitutivity for the arabinose system and for TMG uptake. Of twenty tested, seven were neither constitutive nor able to take up TMG (presumably having mutated to C+). All of the others were Cc, being constitutive and, with TMG uptake, inhibited by arabinose but not by TDG. It appears, therefore, that AM37 TMG permease activity is closely linked to araC.
(ii) araA. To see whether the TMG permease activity in AM37 was co-transduced with the arabinose isomerase gene (araA), strain RFS 3 (araA-) was transduced with P1 grown in AM37. Arabinose-positive transductants were tested for TMG uptake and constitutively for the arabinose system. All 20 transductants tested were presumably A+, since they were able to grow on arabinose at wild-type rates.
VOL. 120, 1974 Nine were also arabinose constitutives. All nine constitutives but none of the eleven inducible strains could transport TMG. Again the transport was inhibited by arabinose but not by TDG. These data confirm that the mutation in AM37 was closely linked to araC, and that it was closer to araC than araA (Fig. 1) .
Tests of other arabinose constitutives. To see whether the mutation to constitutivity for the arabinose system was a sufficient condition to produce uptake of TMG, constitutive mutants were isolated from the parental strain AM7. By using a ethyl methane sulfonatemutagenized culture, mutants were selected for their ability to grow on arabinose in the presence of fucose, a property of constitutive mutants.
Of 22 independent colonies isolated following ethyl methane sulfonate mutagenesis and selection of arabinose-fucose plates, all could grow in arabinose plus fucose, but only 21 were able to accumulate TMG. The remaining one turned out to be fucose-inducible rather than a true constutitive (8) .
All of the 10 spontaneous mutants isolated likewise grew on arabinose plus fucose and all took up TMG.
Test of starved cultures. Since most arabinose constitutives seemed to be able to take up TMG, it seemed possible that only the presence of residual arabinose in bacteria induced by the sugar prevented TMG uptake in inducible strains (as suggested by Schleif [15 1). This was tested by comparing TMG uptake in starved and unstarved arabinose-grown cultures of both constitutive and inducible strains (Table 5) . Cultures growing exponentially on arabinose were filtered and washed without prior starva- tion. When these were tested, neither the constitutive nor the inducible strain took up significant amounts of TMG. After starvation, AM7 (inducible) accumulated TMG to exactly the same level as AM37 (constitutive). If the strains were grown on glycerol and then starved, only the constitutive could take up TMG. Affinity of the arabinose permeation system for TMG. The rate of TMG uptake as a function of TMG concentration fits MichaelisMenton kinetics (Fig. 2) . Cultures were grown in G medium with histidine, arginine, and thiamine. From these data, the affinity of the arabinose permeation system for TMG was 5.6 x 10-' M at 37 C and 5.8 x 10-5 M at 28 C. Schleif (15) measured the Km of the system for arabinose itself, using both a strain constitutive for synthesis of the arabinose enzymes and one which required induction. Both had no arabinose isomerase so that arabinose, once it was transported, could not be metabolized. The inducible strain showed first-order kinetics of uptake with a Km of 5 x 10-5 M at 37 C. The constitutive strain, however, did not exhibit first-order kinetics of arabinose uptake, and two Km values measured at 37 C were 5 x 10-5 M and 3 x 10-6 M. Thus, the Km for arabinose was at least 10-fold lower than that for TMG.
Osmotic shock. The transport of lactose via the y gene product was unaffected by prior osmotic shock to the cells, whereas transport of aMG via the phosphotransferase system, which contains a shockable component, is reported to be reduced (11) . Since Schleif reported a shockable binding protein related to arabinose transport (15) , cultures of AM5 and AM37 were tested for both aMG and TMG uptake before and after osmotic shock. Although the reduction in aMG uptake after osmotic shock was comparable in the two cultures (70% for AM5; 65% for AM37), there was less than a 20% reduction of AM5 TMG counts compared to a 65% reduction of AM37 counts. This implies that there was a component released by osmotic shock which was necessary for the TMG transport via the arabinose system and not for TMG transport via the lactose permease.
DISCUSSION
The major conclusion to be drawn from this work is that lactose and some of its analogs can be transported via the arabinose transport system. The transport was found in 24 independently isolated strains in which the arabinose enzymes are synthesized constitutively, and in strains which were induced with arabinose and then starved to remove all traces of it.
There seem to be many transport systems for >95% by galactose and is sensitive to osmotic shock (a characteristic of transport mediated via a binding protein). This suggests that the high-affinity permease was responsible for most of the TMG uptake described here.
The observation that constitutive and inducible strains for the arabinose system will not transport TMG after growth on arabinose followed by washing of the cells, but will transport TMG after growth followed by starvation, supports but does not prove the hypothesis that the cells retain small amounts of arabinose that can interfere with transport measurements. Since an uninduced strain grown in the absence of arabinose cannot gain the capacity to transport TMG by means of starvation, the starvation process itself is not sufficient to establish transport. That starvation specifically eliminates arabinose, which is otherwise present in cells grown on it, could be tested by measuring the exit rate of arabinose from unstarved cells during dilution and washing. (The exit experiments reported by Novotny and Englesberg [13] , which measured arabinose exit in E. coli B/r, are probably not applicable since their strain seems to contain only one of the two arabinose transport systems.)
The above can be generalized to note that testing the ability of an inducer for a transport system must be done under conditions which will prevent competition of a low-affinity substrate by the inducer being tested.
From the observation that lactose can be transported via the arabinose permeation system, it follows that any further attempts to isolate a mutant of the lactose permease with altered substrate specificity must be made by using a strain with a nonreverting C-mutation.
